Through dispersal, deer mice (Peromyscus maniculatus) enter peridomestic settings (e.g., outbuildings, barns, cabins) and expose humans and other deer mouse populations to Sin Nombre virus (SNV). In June 2004, research on deer mouse dispersal was initiated at 2 locations in Montana. During the course of the study, over 6000 deer mouse movements were recorded, and more than 1000 of these movements were classified as dispersal movements. More than 1700 individual deer mice were captured and tested for SNV, revealing an average SNV antibody prevalence of approximately 11%. Most of the dispersing and antibody-positive individuals were adult males. Among the few subadult dispersing mice discovered during the study, none were seropositive for SNV. Our results suggest that dispersal rates are higher in high abundance populations of deer mice and that during peak times of dispersal, human exposure to SNV, which commonly occurs in peridomestic settings, could increase.
INTRODUCTION S
IN NOMBRE VIRUS (SNV; family Bunyaviridae, genus Hantavirus) is the principal etiologic agent of hantavirus pulmonary syndrome (HPS) in the United States (Nichol et al. 1993) . Considerable data on the ecology of the principal host of SNV, the deer mouse (Peromyscus maniculatus), have been collected in long-term studies conducted on sylvan populations in the western United States (Mills et al. 1999 .
Descriptive data concerning sylvan population dynamics and habitat associations are crucial for understanding disease dynamics and devising ways to protect human health. However, most human infections occur in peridomestic settings (Armstrong et al. 1995 , Kuenzi et al. 2001 . Therefore, it is important to determine relationships between sylvan and peridomestic populations of deer mice. Because sylvan deer mouse populations are ultimately the source via dispersal of peridomestic deer mice, an understanding of the factors that lead to their dispersal is crucial. However, few data are available concerning deer mouse dispersal (Bowman et al. 2002) and none examine the relationship between dispersal and SNV infection.
The lack of dispersal/SNV data has, in part, resulted from the difficulty in measuring dispersal (Lidicker 1975) . Nonetheless, some knowledge of dispersal among deer mouse populations exists (Fairbairn 1977 , 1978 , Stickel 1968 , Sullivan 1976 . Deer mice can move long distances (Rehmeier et al. 2004) , and they can move rapidly into peridomestic areas, especially when resident mice have been removed (Douglass et al. 2003) . In patchy habitats, they regularly disperse from patch to patch through less favorable habitats (Fairbairn 1978 , Sullivan 1976 , Stickel 1968 , Sheppe 1965 . Dispersal of deer mice is driven by individual behavior, social structure, population densities, and changing patterns of resource availability (Fairbairn 1978) .
Further, as deer mice enter peridomestic settings, dispersal influences the spread of zoonotic diseases such as SNV to humans. For example, after an El Ni §o event, substantial increases in the deer mouse population in the Four Corners area of the United States (i.e., the point where Colorado, Utah, Arizona, and New Mexico converge), followed by significant dispersal (of mice and subsequently virus) into peridomestic habitats, likely led to the 1993 SNV outbreak in that region. Hantaviruses can also go extinct for a few months to several years in local populations (Mills et al. 1999 , Kuenzi et al. 1999 or until such time as dispersing mice from adjacent populations reintroduce the virus. A viral-induced change in behavior could also, potentially, affect dispersal in deer mice. Klein et al. (2004) found that infection with Seoul virus caused rats (Rattus norvegicus) to become aggressive, and Douglass et al. (2007) found evidence that SNV increased aggressive interaction in deer mice as they seroconverted. Such aggression may lead to dispersal of infected animals.
This study was initiated to gather data on SNV antibody prevalence in dispersing sylvan deer mice. Our specific objectives were to: (1) describe the physical characteristics (e.g., wounds, age, and breeding condition) of dispersing deer mice in sylvan systems, and (2) investigate the possibility that infection may increase dispersal (possibly through increased aggression) in deer mice.
MATERIALS AND METHODS
Two study sites were established near Cascade (46°59.3Ј N, 111°35.3Ј W, 1408 m AMS) and Polson (47°38.4Ј N, 114°20.7Ј W, 823 m AMS), Montana. The Cascade study site is grassland habitat (derived from dominant plant form/species), and the Polson site is sagebrush (Artemisia tridentata) habitat. Each site had preexisting pairs of trapping grids (100 traps, 1 ha in size) created for longitudinal hantavirus studies (Douglass et al. 1996) . The paired grids at each location were approximately 550 m (Cascade) and 840 m (Polson) from each other (Fig. 1) . Distances between grids were dictated by the distance between the preexisting grids. We used the preexisting grids because pairs were in similar habitats and had demonstrated large annual fluctuations in deer mouse abundance since 1994.
Trapping between preexisting grids provided a minimum estimate of dispersal from each grid. The intergrid arrays each consisted of 10 evenly spaced parallel lines of traps placed perpendicular to the grids (Fig. 1) Mills et al. (1995) . Each morning animals were processed and released at the site of capture. Rodents were ear tagged using metal tags (National Band and Tag Co., Newport, KY), and their species, sex, body mass, reproductive condition (males: testes scrotal or abdominal; females: vagina nonperforate or perforate, pubic symphysis closed or open, and nipples normal or enlarged), and presence of scars or wounds were recorded. The age of the deer mice was inferred based on the following weight categories: Ն18 g were considered adults, 14-17 g were considered subadults, and Յ13 g were considered juveniles (Douglass et al. 1996) . From June 2004 through October 2005, rodents were trapped during 12,750 trap nights at Cascade and 9000 trap nights at Polson on longitudinal grids and dispersal arrays.
Our definition of dispersal is based partly on a study of an unmanipulated population of white-footed mice (Peromyscus leucopus), which defines dispersers as mice that moved a minimum of 75 m (approximately one home range diameter) (Stickel 1969; Krohne et al. 1984) . Additionally, animals had to demonstrate continuous directional movement, Ն75 m from capture to capture, regardless of the time frame. For example, if an animal was captured and upon release the animal moved 150 m (recaptured the next day) and then was recaptured again 2 days later (after its initial capture) back at the original trap site, the movement would not be considered a dispersal event. Such movements were considered short-term exploratory movements by a resident individual.
One blood sample per month was obtained from the retro-orbital sinus of each deer mouse using a heparinized capillary tube. Samples were stored on dry ice and then transferred to a Ϫ70°C freezer until they were tested for antibody against SNV at the Montana Department of Public Health and Human Services or the Centers for Disease Control and Prevention by enzyme immunoassay (Feldman et al. 1993) . No blood was collected during the first month of the study (June 2004) while we developed other field protocols.
Statistical analysis was performed using Microsoft Access, Microsoft Excel, and SPSS (version 13). An enumeration technique described by Chitty and Phipps (1966) was used to calculate the minimum number of deer mice known alive (MNA) and the minimum number infected with SNV (MNI) during each trap session. This calculation provided an estimate of population size. Statistical comparisons of dispersal and characteristics of dispersing mice were performed with linear or logistic (i.e., drop-in-deviance tests) regression model comparisons (Ramsey and Schafer 2002) and 2 analysis (Zar 1996) . Tests were considered statistically significant if p Յ 0.05.
RESULTS
A total of 2267 individual small mammals, representing 2 families and 5 species, were captured (Table 1 ). The overall trap success was 34.8 individuals/100 trap nights (13.0 individuals/100 trap nights at Cascade and 65.4 individuals/100 trap nights at Polson).
In June 2004 (the first month of data collection), the deer mouse populations at Cascade and Polson (dispersal trap lines only) had MNAs of 20 and 54 individuals, respectively (Fig. 2) . After the initial trapping period, the deer mouse population at Polson quickly increased, and by October 2004, the MNA at Polson was more than 320 deer mice. Conse- For the first summer and fall seasons at Polson, the seroprevalence averaged Ͻ3% (Ϯ 0.6%) or an MNI of 3 to 5 deer mice per trapping session (Fig. 2) . In contrast, the first summer and fall estimates for seroprevalence at Cascade ranged from 9% to 23%, or an MNI of 5 to 7 deer mice per trapping session. However, by the following spring and summer, the MNI estimated at Polson was 3 to 4 times higher than that at Cascade (Fig. 2) .
We We found a correlation (r ϭ ϩ0.70, p Ͻ 0.001) between average MNA for the combined longitudinal grids (4 total) at both sites and the number of dispersal movements on dispersal arrays (Fig. 3) . However, variable results were found on grids tested separately (Cascade: grid 10, n ϭ 17, r ϭ ϩ0.477, p ϭ 0.053; grid 11, n ϭ 17, r ϭ ϩ0.599, p ϭ 0.011; Polson: grid 4, n ϭ 12, r ϭ 0.094, p ϭ 0.769; grid 5, n ϭ 12, r ϭ 0.063, p ϭ 0.866). Unfortunately for this analysis, large fluctuations in MNA demonstrated at both sites since 1994 did not occur during the current period of study. Polson accounted for the highest MNAs and number of dispersal events and Cascade the lowest MNAs and number of dispersal events.
Gender of dispersing deer mice was biased toward males compared with nondispersing mice (Table 2 ). For resident deer mice at Polson and Cascade, females accounted for 48.2% and 44.4% (n ϭ 1877 and 608) of the movements, and males produced 51.8% and 55.6% (n ϭ 2014 and 761) of the movements (Table 2) . In contrast, for dispersing mice, males produced 61.0% and 71.7% (n ϭ 428 and 238) of the dispersal movements recorded at Polson and Cascade, compared with females that produced 38.9% and 28.3% (n ϭ 273 and 94) of the movements (Table 2) .
The proportion of dispersing mice in breeding condition was higher than resident mice ( Adult mice (Ն18 g) comprised most of the resident and dispersing individuals. Approximately 88.0% and 83.7% of the residents at Polson and Cascade were adults at first capture (Table 2) . However, 90.9% and 92.2% of dispersing mice were adults at first capture (Table 2). Mice commonly acquire scars or wounds through aggressive interactions with each other, which is believed to be a possible transmission route for hantaviruses. The prevalence of scars (at both captures) for dispersers and residents at Polson was nearly equal, at 48% (n ϭ 338) for dispersers and 46% (n ϭ 1791) for residents. A higher proportion of mice that dispersed acquired scars than did residents. At Cascade, resident female mice without scars had acquired scars by their next capture 6.4% (n ϭ 88) of the time; similarly, 8.7% (n ϭ 28) of dispersing female mice showed scars at second capture. In comparison, 8.7% (n ϭ 337) of Polson resident female mice with no scars at the first capture had acquired scars by their next capture. Approximately 13.1% (n ϭ 92) of dispersing female mice initially having no scars acquired scars by their second capture.
The proportion of dispersing males acquiring scars in successive captures was higher than that of resident males (Table 2) . Male deer mice constituted 58% (n ϭ 2128) and 68% (n ϭ 651) of the total resident mice at Polson and Cascade that had acquired scars by successive captures. At both Polson and Cascade, 68% (n ϭ 430) and 81% (n ϭ 179) of male dispersing deer mice had acquired scars by subsequent captures.
Because the characteristics of dispersing deer mice were similar to those of deer mice with anti-SNV antibodies (biased toward adult, breeding males with scars; Douglass et al. 2001) , we used logistic regression to attempt to control for these similar characteristics to determine how dispersal was affected by the presence of SNV antibodies. We used logistic regression model comparisons to test for the association of: (1) the odds of being seropositive based on gender, (2) the odds of being male or female and having SNV, after accounting for mass (age), and (3) the odds of an animal dispersing and having SNV, after accounting for gender and mass. Logistic regression indicated a statistically significant correlation between gender (in favor of males) and seroprevalence for SNV (Polson, p Ͻ 0.001, df ϭ 1; Cascade, p Ͻ 0.001, df ϭ 1). After accounting for mass, males were also more likely to be seropositive than females (Polson, p Ͻ 0.001, df ϭ 1; Cascade, p Ͻ 0.001, df ϭ 1). However, results at each study site indicated little association between dispersal and being seropositive for SNV (Polson, p ϭ 0.583, df ϭ 1; Cascade, p ϭ 0.532, df ϭ 1).
DISCUSSION
Because sylvan mice that disperse are more likely than resident sylvan mice to enter peridomestic localities, understanding the characteristics of the dispersing population and the reasons for such dispersal is important for understanding human exposure to SNV and other rodent-borne diseases. Although what causes animals to disperse is debatable, one might reasonably assume that breeding activity, availability of resources such as food, age structure, sex ratios, escape from predation, and establishment of home ranges are strong influences (Krebs 1996 , Lidicker 1975 .
In a dispersal study of an unmanipulated population of white-footed mice, Krohne et al. (1984) found that males disperse more than females, while Root et al. (1999) recorded similar results of adult male deer mice moving greater distances than females and, at 1 of their 2 trap locations, subadult males moving greater distances than adult females. In contrast, Metzgar's (1979) ratios for dispersing adult males to females were nearly equal (0.9:1.0). The differences between Metzgar's (1979) findings and the results of other studies, including ours, could be related to discrepancies in dispersal definitions and trapping methods.
Our data demonstrated a propensity for adult male deer mice to disperse; in fact, males were almost twice as likely as females to disperse. Fairbairn (1977 Fairbairn ( , 1978 found similar results, although juvenile, subadult, and adult male dispersal varied depending on the season.
One might reasonably assume that subadult mice would constitute the majority of dispersers primarily because the subadults in many species tend to be subordinate and do not hold territories. Further, the abundance of subadult dispersers seemingly should be highest during the peak breeding season for deer mice in Montana, which is late spring (May) through fall (September) . However, we captured only a small number of dispersing subadult deer mice, none of which had antibodies to SNV (Table 2) , and we found no significant difference in subadult dispersal movements between breeding and nonbreeding seasons. Thus, our results show that, for both female and male deer mice, adult individuals have the strongest tendency to disperse (Table 2) , and they are also more likely to be seropositive.
Population density also affects deer mouse dispersal patterns (Lidicker 1975) . Increasing population density causes animals to search for new areas in which they will find less competition. In locations with denser mouse populations (e.g., Polson) individuals are more likely to disperse than in places with lower density populations (e.g., Cascade). Such was the case in our study when data from all 4 longitudinal grids were combined (Fig. 3) . However, we did not find a correlation between MNAs and the number of dispersal events within individual grids. Other factors besides abundance could have affected dispersal at these 2 locations. More trapping sessions with large population changes within grids will help determine the within-grid effects of density on dispersal.
Greater deer mouse dispersal increases susceptibility to SNV because mice that move longer distances likely increase their chance of intermingling with SNV-positive individuals (Root et al. 1999) . Our data support these findings and show that adult male deer mice are most likely to disperse and are most likely to carry SNV. However, it is also important to understand that dispersing and infected mice shared similar physical characteristics. Because of the similarity in characteristics between dispersing mice and SNV-positive mice, the relationship between infection and dispersal was not clear.
Because adult male deer mice have higher infection rates of SNV compared with females (Root et al. 1999 , males are more likely to transmit SNV as they disperse. Furthermore, during the breeding season (March through October), SNV transmission could intensify because of increased aggressive interactions between male mice. In spite of males being more aggressive and more likely to disperse, we found little association between dispersal and being seropositive for SNV.
Although not yet demonstrated in mice, fighting is one potential method by which rats circulate hantavirus among populations (Hinson et al. 2004 ). Antibody-positive (both dispersing and resident) deer mice were more likely to have scars or wounds than antibodynegative individuals, a pattern which, according to some researchers, may be partly explained by behavioral changes caused by SNV infection. Klein et al. (2004) demonstrated that hantavirus infection led to elevated aggression in male Norway rats (Rattus norvegicus). If the onset of SNV infection causes elevated aggressive behavior in its host, this could explain why seropositive individuals have a higher percentage of scars or wounds. Conclusions by Klein et al. (2004) suggest that animals that are seropositive for hantavirus and have yet to sustain discernable scars or wounds should display an increase in scarring upon subsequent captures. And, in fact, such is the case in Montana (Douglass et al. 2007 ). However, we were not able to demonstrate that dispersal was related to SNV antibody status.
The consequences of these findings to human health risks are significant, especially where deer mouse populations are at high levels. Deer mice tend to disperse more at places with higher densities and the types of deer mice dispersing are those most likely to be antibody positive. Dispersal of deer mice carrying SNV is important because dispersing individuals are most likely to migrate into peridomestic locations where humans come in contact with SNV. Combining experimental approaches with sylvan studies is required to further our understanding of the deer mouse-SNV system as well as help to predict future epizootic outbreaks.
